BACKGROUND: Deep brain stimulation (DBS) requires precise and safe navigation to the
Introduction

Intracerebral interventions such as deep brain stimulation (DBS)
1, 2 radio-frequency lesioning 3 or neuronal cell grafting 4 require accurate, precise and safe navigation to the chosen target 5 .
In some groups, supplementary techniques such as impedance measurements 6, 7 or 30 microelectrode recording (MER) 8 are used to get additional information about the target area preoperatively identified on MR and CT images. Recently, optical measurements have been introduced as emerging technology which is a method for real-time presentation of grey-white tissue boundaries during stereotactic procedures. A thin probe with dimensions adapted to the stereotactic system and with optical fibers aligned along the interior side of the probe towards 35 the tip is connected to the optical system. The probe is used to create tracks for the DBS electrodes along the precalculated trajectories. Up to date Giller et al have performed reflectance spectroscopy recordings in the near infrared region and have shown a high correlation with microelectrode recording and imaging data 9, 10 . The concept developed by
Wårdell and colleagues, which is based on both laser Doppler perfusion monitoring (LDPM)
40 11 and diffuse reflection spectroscopy 12 , has been clinically evaluated and compared to impedance recordings 13 . This comparison showed a relation between the signals, but that optical measurements presented a better differentiation between white and grey matter of different shades. Furthermore, it was shown that the microvascular perfusion i.e. blood flow could be recorded along the trajectory at fixed sites.
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Up to now, signal differences between grey and white matter have been identified 11, 13 . Giller already tried to correlate the anatomical position of each measurement site with the obtained spectroscopy signal 10 . No correlation with the anatomical position has been performed so far for the total light intensity (TLI) representing tissue grayness, and microvascular blood flow due to either the small number of measurement sites or due to continuous recording without 50 any link to the exact anatomic position. In consequence, the aim of the present study was to establish the link between anatomy and TLI as well as microvascular blood flow recordings by means of a mechanical device allowing to push down the optical probe in defined steps from the cortex down to the target, and to correlate the recordings with the different brain structures passed through.
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Material and Methods
Patients
Twelve patients (one women, age 44 -77, mean ± s.d. = 67  11) referred for unilateral or bilateral DBS-implantation for the treatment of essential tremor or Parkinson's disease were included in the study. In total 22 leads were implanted. Thirteen were implanted in the ventral 60 intermediate nucleus (Vim) and nine in the subthalamic nucleus (STN) respectively. One of the STN-patients had bilateral RF-lesions in Vim. The surgical procedures were done with local anaesthesia for the Vim and general anaesthesia for the STN patients. The study was approved by the local ethics committee at the University Hospital in Linköping (D. no. M182-04, T54-09) and informed written consent was received from the patients.
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Laser Doppler system and measurement probes
The system for intracerebral recordings of microvascular blood flow and TLI comprises a laser Doppler perfusion monitor (PF 5010, Perimed AB, Sweden), a specially designed optical probe, mechanical device and a personal computer with software for acquisition, data analysis and presentation. A schematic overview of the system is presented in Fig. 1a and a The measurement probe was constructed in order to fit in the Leksell ® Stereotactic System (LSS, Model G, Elekta Instrument AB, Sweden) 11, 13 During intracerebral measurements, the TLI signal should represent the tissue's reflectivity which is related to tissue type (gray matter reflects less resulting in lower TLI than white matter) whereas the perfusion is related to relative changes in the tissue's microcirculation.
Perfusion and TLI levels were therefore checked in Motility Standard (Perimed AB, Sweden), 100 a calibration solution, before and after the measurement sessions in order to ascertain comparable levels. When necessary the system was recalibrated. During recordings the sampling time in the software was set to f s = 100 Hz and the time constant  = 0.03.
Mechanical guidance device
A mechanical device allowing step-wise insertion of the probe from cortex towards the target 105 area was constructed (Fig. 1b) . The mechanical device was designed to fit the stereotactic system and made it possible to insert the probe with sub millimeter-precision by moving a hand controlled screw easily visible from above by the surgeon. The hand controlled screw movement gave rise to a pronounced artifact in the optical signals. With this design a total trajectory length of 80 mm is available.
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The accuracy and precision of the mechanical device was investigated experimentally. The 
Data analysis
Calculation of optical trajectories
All measurement sequences were visually inspected and compared to the noted time and the Ring and arc angles were noted for all patients and taken in consideration for the intra-and interpatient curve comparison. In order to do so and to be able to compare left and right arc angles, the left arc angles α were transformed by calculating α trans = 180°-α.
Comparison between microvascular blood flow and anatomy
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For quantitative comparison between anatomy and blood flow along the trajectories the number of hyperperfused sites was counted for the Vim and STN groups' respectively. As the blood flow in general is low (usually < 50 a.u), 50 a.u was used as threshold to define a peak value together with the criteria as being at least twice as high as one of the surrounding microvascular blood flow measures. Using this principle the number of peaks were calculated 
Results
TLI-trajectories
Vim-TLI-trajectories
In the Vim recording the curve normally started with low values in the cortex (Fig. 2, 4 ).
Individual fluctuations inside the cortex could be shown to be due to the presence of sulci. this was seen as a more pronounced TLI-dip going almost to zero (Fig. 5a) . In Vim patients, a significant statistical difference (P < .001) could be shown between white matter and Cd/Put and between white matter and target area (Fig. 6 ).
When comparing right and left implantation sides for each patient separately, often a shift or 
STN-TLI-trajectories
The STN curve started as well with low values in the cortex including some fluctuations 260 caused by sulci and increased when entering white matter (Fig. 4, 5b) . difference could be shown between white matter and Cd/Put/Ventricle (P = .008) and between white matter and target area (P = .008) (Fig. 6) . In one patient, measurements were done +4 mm below the STN target. This was manifested as decreasing TLI-values on both sides.
Postoperative comparison with CT confirmed that the probe was very close to the substance nigra (Fig. 5b) . As for Vim patients, curve shifts and changes in dip properties often existed in
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STN patients between right and left implantation side. In most cases they could be linked to changes in ring and arc angles.
Microvascular blood flow
Microvascular blood flow could be monitored at each step (Fig. 2, 5 trajectories and for white matter and target area for the Vim (P = .001) and the Cd/Put and target area for STN (P = .04).
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In Tab In one Vim case a small bleeding was suspected during insertion of the probe and the measurement was terminated 5 mm from the precalculated target. This was seen as a 295 deviation from the normal curve pattern (Fig. 8) . Test stimulation after insertion of the DBSelectrode did not show any effect. Therefore the surgery was terminated and it appeared that the frame had been dislocated due to indeliberate head movement and thus the planned trajectory not followed. The suspected bleeding was confirmed with post-operative CT as diffuse and spread < 5 mm in diameter. A very small lesion (< 5 mm) was visible on MRI on 300 the same location 10 month later. The bleeding did not cause any permanent damage and the patient was then successfully re-operated. No measurements were done during the reoperation. Example of the median TLI and blood flow curves from 12 Vim trajectories are presented together with the deviating curve caused by the bleeding is seen in Fig. 8 a-b . In Figure 9 , corresponding median curves are presented for eight STN trajectories together with 305 the deviation data due to the lesion in Vim. It is seen in Fig. 9a that the blood flow presents an A-peak close to the target region.
Discussion
In the present study we have used the backscattered TLI signal as measured with a laser 
Precision of anatomical data
The limits of precision of anatomical atlases have often been discussed [21] [22] [23] and when available anatomical structures should be identified directly on MR images. Nevertheless, in case of planning procedures on CT images, or in case of invisible or hardly identifiable 
Optical trajectories
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The optical trajectory differed between Vim and STN and there was a significant difference in grayness and blood flow between these targets, TLI was significantly lower and blood flow significantly higher in Vim compared to the STN. Previous studies using LDPM have also presented significant differences between STN and GPi in both grayness and blood flow 11 .
The STN curve was flatter, which is due to its longer passage through white matter. However, was inserted +4 mm below the planned target areas. In these cases, the following four measures were decreasing, and the probe tips found to be at the border to substance nigra.
This sharp change in signal has also been presented by spectroscopic measurements 10 all patients does not mean that the different regions cannot be identified when approaching the trajectory, but only that depending on the factors mentioned above these trajectories can differ. Nevertheless, a further study with decreased measurement steps is planned in order to establish more detailed relation between anatomy and TLI values on the last part of the trajectories towards Vim and STN.
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In this study we have shown that high blood flow peaks are three times more common along
Vim trajectories compared to STN trajectories. The high blood flow spots (A and B peaks)
were often seen around the Cd/Put and ventricle region in the Vim trajectory. C-peaks in the vicinity to sulci were common for both Vim and STN trajectories. High blood flow spots have also been found in a previous study when LDPM was used for stereotactic measurements at 435 fixed predefined sites 11 . Here six out of 128 spots had high blood flow. At one of the spots a pronounced vasomotion pattern was recorded and a small vessel detected on the CT/MR. A tendency to vasomotion was seen in a few of the 38 high blood flow spots found in this study, but due to the relatively short measurement time at each site it was not possible to confirm this.
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A small bleeding was discovered during insertion of the probe along one Vim-trajectory. Both the TLI and blood flow curves deviated from the expected shapes (Fig. 8) . The TLI signal dropped drastically when it was expected to pass though white matter i.e. the internal capsula.
At the actual bleeding neither the TLI nor the blood flow signal could be processed as there was too little light reflected back most probably due to coverage of blood on the fibers. A few guidance for the DBS-electrode in 100 lead implantations 24 and this is the only bleeding experienced. This indicates that the patient safety related to bleedings is increased over MER.
More measurement series are however necessary to be performed in order to confirm this.
Conclusion
Laser Doppler is useful for intra-operative guidance during DBS implantation as simultaneous 
